NR, Aschner JL. Protein complex formation with heat shock protein 90 in chronic hypoxia-induced pulmonary hypertension in newborn piglets. Am J Physiol Heart Circ Physiol 299: H1190-H1204, 2010. First published August 6, 2010; doi:10.1152 doi:10. /ajpheart.01207.2009teractions between heat shock protein (Hsp)90 and its client proteins could contribute to pulmonary hypertension. We tested the hypotheses that 1) the interaction between Hsp90 and its known client protein, endothelial nitric oxide synthase (eNOS), is impaired in pulmonary resistance arteries (PRAs) from piglets with pulmonary hypertension caused by exposure to 3 or 10 days of hypoxia and 2) Hsp90 interacts with the prostanoid pathway proteins prostacyclin synthase (PGIS) and/or thromboxane synthase (TXAS). We also determined whether Hsp90 antagonism with geldanamycin alters the agonistinduced synthesis of prostacyclin and thromboxane or alters PRA responses to these prostaglandin metabolites. Compared with normoxic piglets, less eNOS coimmunoprecipitated with Hsp90 in PRAs from hypoxic piglets. Despite reduced Hsp90-eNOS interactions, dilation to ACh was enhanced in geldanamycin-treated PRAs from hypoxic, but not normoxic, piglets. In PRAs from all groups of piglets, PGIS and TXAS coimmunoprecipitated with Hsp90. Geldanamycin reduced the ACh-induced synthesis of prostacyclin and thromboxane and altered responses to the thromboxane mimetic U-46619 in PRAs from all groups. Although geldanamycin enhanced responses to prostacyclin in PRAs from both groups of hypoxic piglets, geldanamycin had no effect on prostacyclin responses in PRAs from either group of normoxic piglets. Our findings indicate that Hsp90 influences both prostanoid and eNOS signaling in the pulmonary circulation of newborn piglets and that the impact of pharmacological inhibition of Hsp90 on these signaling pathways is altered during exposure to chronic hypoxia. endothelial nitric oxide synthase; prostacyclin synthase; thromboxane synthase; prostanoids; arachidonic acid metabolites HEAT SHOCK PROTEIN (Hsp)90 is a molecular chaperone with essential roles in stress tolerance, protein folding, signal transduction, and cell cycle control (19, 28, 38) . In some cases, the physical interaction of a client protein with Hsp90 has been shown to influence the activity of the binding partner (6, 18, 40, 41) . Via interactions with its client proteins, Hsp90 is involved in the regulation of tone and reactivity in a number of vascular beds (4, 5, 17, 20) . For example, we and others (4, 33) have shown that Hsp90 associates with endothelial nitric oxide (NO) synthase (eNOS) and that the interaction between these two proteins influences the production of NO in the pulmonary circulation (4, 33). There is an increasing appreciation that aberrant interactions between Hsp90 and its client proteins, including eNOS, play a role in abnormal cell signaling and thereby contribute to a number of vascular diseases, including pulmonary hypertension (23, 26, 31, 33) .
HEAT SHOCK PROTEIN (Hsp)90 is a molecular chaperone with essential roles in stress tolerance, protein folding, signal transduction, and cell cycle control (19, 28, 38) . In some cases, the physical interaction of a client protein with Hsp90 has been shown to influence the activity of the binding partner (6, 18, 40, 41) . Via interactions with its client proteins, Hsp90 is involved in the regulation of tone and reactivity in a number of vascular beds (4, 5, 17, 20) . For example, we and others (4, 33) have shown that Hsp90 associates with endothelial nitric oxide (NO) synthase (eNOS) and that the interaction between these two proteins influences the production of NO in the pulmonary circulation (4, 33) . There is an increasing appreciation that aberrant interactions between Hsp90 and its client proteins, including eNOS, play a role in abnormal cell signaling and thereby contribute to a number of vascular diseases, including pulmonary hypertension (23, 26, 31, 33) .
We (5) have previously shown that interactions between Hsp90 and eNOS mature over the first weeks of life in pulmonary resistance arteries (PRAs) of newborn piglets, likely contributing to the postnatal fall in pulmonary vascular resistance and changes in agonist-induced pulmonary vascular responses characteristic of the early neonatal period. We (9, 11) have also previously reported that piglets develop pulmonary hypertension and exhibit aberrant responses to the agonist ACh when exposed to chronic hypoxia for either 3 or 10 days. We designed the present study to test the hypotheses that 1) the interaction between Hsp90 and eNOS is disrupted in PRAs of piglets exposed to chronic hypoxia and 2) the impaired interaction between Hsp90 and eNOS has a functional impact on ACh-induced responses in PRAs from chronically hypoxic piglets. Our findings led us to test the additional hypotheses that Hsp90 interacts with client proteins other than eNOS and influences the production of vasoactive mediators, other than NO, that regulate vascular tone and reactivity in the neonatal pulmonary circulation, particularly under conditions of chronic hypoxia and diminished NOS signaling.
METHODS
Animals and tissue preparation. For hypoxic piglets, newborn pigs (2 days old) were placed in a hypoxic normobaric chamber for 3 or 10 days. Normobaric hypoxia was produced by delivering compressed air and N 2 to a Plexiglas chamber. O2 content was regulated at 8 -10% O2 (PO2: 60 -72 Torr), and CO2 was maintained at 3-6 Torr by absorption with soda lime. The chamber was opened twice daily for cleaning and to weigh the piglets. Animals were fed ad libitum with an artificial sow milk replacer from a feeding device attached to the chamber. We (10) have previously found no differences in vascular responses between piglets raised in a room air chamber environment for 3 or 10 days and piglets raised on a farm. Therefore, for this study, the age-matched normoxic control animals were piglets studied on the day of arrival from the farm at 5-7 or 10 -12 days of age, i.e., the same postnatal ages as the hypoxic piglets on the day of study. All piglets were preanesthetized with ketamine (30 mg/kg im) and acepromazine (2 mg/kg im) and then anesthetized with pentobarbital (10 mg/kg iv). All animals were given heparin (1,000 IU/kg iv) and then exsanguinated. The thorax was opened, and the lungs were removed and placed in cold (4°C) physiological saline solution (PSS). All experimental protocols were performed in adherence with National Institutes of Health guidelines for the use of experimental animals and were approved by the Animal Care and Use Committee of Vanderbilt University Medical Center. The animal resource facility is fully accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care.
Coimmunoprecipitation assays. One series of experiments was performed to determine whether the interaction between Hsp90 and eNOS is disrupted in piglets exposed to chronic hypoxia. Additional experiments were performed to assess whether Hsp90 coimmunoprecipitates with prostacyclin synthase (PGIS) or thromboxane synthase (TXAS), proteins of the prostanoid pathway of arachidonic acid metabolism. For these experiments, pulmonary arteries (PRAs; Յ300-m diameter) were dissected from the lungs of both groups of control piglets and both groups of hypoxic piglets and stored at Ϫ80°C until use in coimmunoprecipitation assays. Another series of experiments was performed to assess the effect of ACh stimulation and Hsp90 antagonism on the interaction between Hsp90 and either eNOS, PGIS, or TXAS. For these experiments, dissected PRAs were incubated in HEPES at 37°C for 20 min in the presence of vehicle (DMSO) or geldanamycin (GA; 1 M) before the addition of ACh (10 M) or HEPES buffer for an additional 1 min. Supernatants were discarded, and the vessels were homogenized in lysis buffer [20 mM Tris·HCl (pH 7.4), 2.5 mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 100 mM NaCl, 1.0 mM PMSF, 10 g/ml leupeptin, and 10 g/ml pepstatin]. Vessel homogenates were stored at Ϫ80°C until used in coimmunoprecipitation assays. Vessel homogenates were thawed, and protein concentrations of the cell lysates were determined by protein assay (Bradford). To reduce nonspecific binding of proteins, 500 g of detergent soluble protein were precleared with pansorbin and then incubated for 6 h at 4°C with an antibody either against eNOS (1 g/mg total cell protein, BD Transduction Laboratories), Hsp90 (1 g/mg total cell protein, BD Transduction Laboratories), PGIS (1 g/mg total cell protein, Cayman Chemical), TXAS (1 g/mg total cell protein, provided by S. L. Pfister's laboratory), or an isotype-specific IgG (to serve as a control for each antibody). Immune complexes were precipitated by an overnight incubation at 4°C with protein G-Sepharose. The next morning, beads were washed in lysis buffer and pelleted in a microcentrifuge to remove all unbound protein. Immunoprecipitated samples were heated at 80°C for 15 min in Laemmli loading buffer, and proteins were resolved by SDS-PAGE on a 4 -20% Tris-glycine gel. Proteins were electroblotted onto nitrocellulose membranes. Membranes were blocked in 0.1% Tween-PBS with 7.5% nonfat milk and then incubated with primary antibodies against eNOS (1:1,000), Hsp90 (1:000), PGIS (1:500), or TXAS (1:2,000). Western blots were probed with a horseradish peroxidise-conjugated secondary antibody diluted in carrier buffer (1:2,500 goat anti-mouse for eNOS, 1:2,500 goat anti-mouse for Hsp90, 1:2,500 goat anti-rabbit for PGIS, and 1:2,500 goat anti-rabbit for TXAS). To visualize the antibodies, membranes were developed using enhanced chemiluminescence reagents (Amersham), and the chemiluminescent signal was captured on X-ray film (ECL Hyperfilm, Kodak). Bands for each protein were quantified using densitometry. Fig. 1 . Coimmunoprecipitation of endothelial nitric oxide synthase (eNOS) with heat shock protein (Hsp)90 for pulmonary resistance arteries (PRAs) from piglets raised in normoxia or hypoxia for 3 days (A and B) or 10 days (C and D). PRA protein homogenates (n ϭ 5 different piglets in each group) were immunoprecipitated (IP) with either anti-Hsp90 (A and C) or anti-eNOS (B and D). The resultant immunoprecipitates were subjected to immunoblot (IB) analysis using antibodies against eNOS and Hsp90. *Significantly different from the comparable-age normoxic group (P Ͻ 0.05 by unpaired t-test).
Cannulated artery protocols. The system used to study cannulated arteries has been previously described in detail (5, 9) . Briefly, it consists of a water-jacketed plastic chamber in which proximal (inflow) and distal (outflow) cannulas are mounted. PRAs (80 -300 m diameter) were threaded onto the cannulas and adjusted so that the slack was taken out of the artery. The exterior of the artery was suffused with PSS from a reservoir at 37°C and aerated with a gas mixture containing 21% O 2-5% CO2-balance N2 to maintain a pH of 7.37-7.40. The arterial lumen was filled from a syringe containing PSS, aerated with the same gas mixture as the reservoir, and connected to the cannula with polyethylene tubing. The inflow pressure of the artery was adjusted by changing the height of the infusion syringe. The diameter of the artery was observed continuously with a video system containing a color camera (model VCC-151, Hitachi) and a television monitor. Vessel diameters were measured with a video scaler (model IV 550 FOR-A, Gainesville, FL). The video scaler was calibrated with a micrometer scale.
Each artery was allowed to equilibrate for 30 min to establish basal tone. Control arteries were equilibrated at a transmural pressure of 15 cmH 2O, and hypoxic arteries were equilibrated at a transmural pressure of 25 cmH2O. These pressures were used as they represent in vivo pressure (11) . We (14) have previously shown no effect from these transmural pressures on pulmonary arterial responses to ACh. After the establishment of basal tone, all arteries were tested for viability by contraction to the thromboxane mimetic U-46619 (10 Ϫ8 M). To check for a functional endothelium in control arteries, responses to ACh (10 Ϫ6 M) were evaluated. We (14) have previously found that hypoxic arteries constrict to ACh but dilate to another endothelium-dependent agent, the Ca 2ϩ ionophore A-23187. Therefore, responses to A-23187 were used to check for a functional endothelium in hypoxic arteries. Ϫ5 M) were measured in some PRAs after the addition of GA (1 M) and both a cell-permeable SOD mimetic, M-40403 (3 g/ml), which dismutates O 2 ·Ϫ to H2O2, and a H2O2-decomposing enzyme, polyethylene glycol (PEG)-catalase (CAT) (250 U/ml), which converts H 2O2 to H2O to the reservoir. We (8, 15) have previously shown the abolition of PRA O2
·Ϫ production using this concentration of M-40403 and abolition of PRA H2O2 production using this concentration of PEG-CAT. Another series of experiments was performed to assess the potential contribution from prostanoids in GA-treated vessels. For these latter experiments, ACh responses were measured in PRAs after the addition of GA (1 M) plus the prostanoid inhibitor indomethacin (10 Ϫ5 M) to the reservoir. For all these experiments, responses to ACh were measured in PRAs with tone elevated by the addition of endothelin (10 Ϫ10 -10 Ϫ9 M) or U-46619 (10 Ϫ9 -10 Ϫ8 M) to the reservoir in increasing doses until the arterial diameter had decreased by 40 -50%. In the case of GA-treated vessels, GA was added and the vessels were allowed to achieve a new baseline diameter before the addition of endothelin or U-46619 to constrict the vessels. This methodology ensured that the degree of preconstriction was similar in all vessels. . PRA protein homogenates were immunoprecipitated with either anti-Hsp90 (A, 3-day hypoxic piglets, n ϭ 7 vehicle-treated or untreated piglets and 7 GA-treated piglets; and C, 10-day hypoxic piglets, n ϭ 7 vehicle-treated or untreated piglets and 7 GA-treated piglets) or anti-eNOS (B, 3-day hypoxic piglets, n ϭ 5 vehicle-treated or untreated piglets and 5 GA-treated piglets; and D, 10-day hypoxic piglets, n ϭ 7 vehicle-treated or untreated piglets and 7 GA-treated piglets). The resultant immunoprecipitates were subjected to immunoblot analysis using antibodies against eNOS and Hsp90. The summary densitometric data shows that ACh stimulation had no effect on the coimmunoprecipitation of eNOS with Hsp90 for untreated and GA-treated PRAs from either group of hypoxic piglets.
In another series of experiments, we evaluated the effect of the Hsp90 antagonist GA on PRA responses to either the thromboxane mimetic U-46619 (10 Ϫ9 -5 ϫ 10 Ϫ7 M) or exogenous prostacyclin (PGI2; 10 Ϫ9 -10 Ϫ6 M). PGI2 experiments were performed in vessels with tone elevated as described above. U-46619 experiments were performed with vessels at basal tone.
In an additional series of experiments, we evaluated the effect of the Hsp90 antagonist GA on PRA responses to arachidonic acid. For these experiments, responses to arachidonic acid (10 Ϫ8 -10 Ϫ5 M) were measured in both GA-treated and untreated PRAs from both groups of normoxic and hypoxic piglets. An additional series of experiments was performed to assess the potential contribution from both O 2 ·Ϫ and H2O2 in GA-treated PRAs. For these latter experiments, arachidonic acid responses (10 Ϫ8 -10 Ϫ5 M) were measured in PRAs after the addition of GA (1 M) and both M-40403 (3 g/ml) and PEG-CAT (250 U/ml) to the reservoir. These experiments were performed in vessels with elevated tone as described for the ACh experiments.
For all of the above experiments, vessel viability was tested at the completion of the study by the addition of U-46619. In addition, vessel responses to the vehicles used for solubilization of each agent were evaluated.
Radioimmunoassay of the stable metabolite of thromboxane, thromboxane B 2, and enzyme immunoassay of the stable metabolite of prostacyclin, 6-keto-PGF1␣. These experiments were performed to assess whether the Hsp90 antagonist GA inhibits either ACh-induced or arachidonic acid-stimulated production of PGI 2 or thromboxane A2 (TXA2). To do this, dissected PRAs (Յ300-m diameter) from all groups of piglets were first incubated for 15 min at 37°C in HEPES buffer containing vehicle (DMSO) or GA (1 M). The supernatant was discarded and replaced with new HEPES buffer containing vehicle or GA. Either ACh (10 M), arachidonic acid (10 M), or additional vehicle was then added, and vessels were incubated for a second time period (1 min for ACh experiments and 5 min for arachidonic acid experiments). After the second incubation period, the supernatant was collected and stored at Ϫ20°C until the time of assay for specific metabolites. Vessels were dried for at least 72 h. The synthesis of thromboxane B 2 (TXB2) was measured using the methods of Campbell and Ojeda (6a). The antibody for TXB2 was from S. L. Pfister's laboratory. The sensitivity of the assay was 1 pg/0.3 ml for TXB 2. The synthesis of 6-keto-PGF1␣ was measured by enzyme immunoassay following standard methods and using kits from Cayman Chemicals. The sensitivity of the assay was 11 pg/ml. Radioimmunoassay determinations of TXB 2 and enzyme immunoassay determinations of 6-keto-PGF1␣ were normalized to vessel dry weight.
Drugs. ACh, PEG-CAT, indomethacin, and arachidonic acid were from Sigma Chemical and were solubilized respectively in saline, distilled H 2O, or ethanol previously sparged with nitrogen. PGI2 was from Cayman Chemical and was solubilized in saline. U-46619 and GA were from BioMol and were solubilized in ethanol or DMSO, respectively. M-40403 was a generous gift from Activbiotics (Lexington, MA) and was solubilized in 26 mM NaHCO 3. Statistics. Data are presented as means Ϯ SE. Coimmunoprecipitation experiments comparing hypoxic versus comparable-age control groups were analyzed by unpaired t-tests ( For the cannulated artery experiments, we used a linear mixed effects model to examine the percent dilation or constriction to all doses of ACh, PGI 2, U-46619, and arachidonic acid in untreated and inhibitortreated vessels from each group of control and hypoxic piglets (24) . Findings in arteries studied at elevated tone were similar regardless of the agent, endothelin or U-46619, used for preconstriction; results with both agents were combined for statistical analysis. Each artery was exposed to multiple concentrations of ACh, PGI 2, U-46619, or arachidonic acid, so we included a random intercept or random intercept and slope to account for the correlation arising from taking repeated observations on the same vessel. Model fit was evaluated using the Akaike information criterion (1) . Results from the final Fig. 3 . ACh-induced dilation in untreated arteries and arteries treated with the Hsp90 antagonist GA from piglets raised in normoxia for 3 days (A; n ϭ 13 untreated arteries and 7 treated arteries), hypoxia for 3 days (B; n ϭ 9 untreated arteries and 9 treated arteries), normoxia for 10 days (C; n ϭ 19 untreated arteries and 12 treated arteries), and hypoxia for 10 days (D; n ϭ 14 untreated arteries and 14 treated arteries). Data are expressed as percent dilation of contraction elicited by either U-46619 or endothelin. All values are means Ϯ SE. *Significantly different from the concentration-response curve in untreated arteries (P Ͻ 0.05 by the linear mixed effects model). models with the lowest Akaike information criterion are presented. A paired t-test was used to compare TXB 2 or 6-keto-PGF1␣ production under basal versus stimulated (either ACh or arachidonic) conditions for vehicle-and GA-treated PRAs from each group of piglets. P Ͻ 0.05 was considered significant.
RESULTS
As shown in Fig. 1 , A-D, we found markedly less coimmunoprecipitation between Hsp90 and eNOS in PRAs from piglets raised in hypoxia for either 3 or 10 days compared with PRAs from comparable-age (normoxic) control piglets. Reduced Hsp90/eNOS coimmunoprecipitation in hypoxic piglets was observed regardless of whether the vessels were immunoprecipitated with antibody against Hsp90 (Fig. 1 , A and C) or eNOS ( Fig. 1, B and D) . Moreover, ACh treatment failed to enhance the coimmunoprecipitation of eNOS and Hsp90 in PRAs from either group of chronically hypoxic piglets (Fig. 2 , A-D). These findings contrast with our previously reported findings in comparable-age control piglets of enhanced Hsp90/ eNOS coimmunoprecipitation in ACh-stimulated PRAs (4, 5) . In ACh-stimulated PRAs from control piglets, we (4, 5) have previously shown that the enhanced Hsp90/eNOS coimmunoprecipitation was abolished by the Hsp90 antagonist GA. In contrast, in this study with PRAs from chronically hypoxic piglets, GA had no effect on Hsp90/eNOS coimmunoprecipitation in the presence or absence of ACh. As shown in Fig. 2 , A-D, similar results were obtained when vessels from hypoxic piglets were immunoprecipitated with anti-Hsp90 or with antieNOS.
To evaluate the functional importance of Hsp90 chaperone function, we assessed the effect of Hsp90 antagonism on vascular responses to ACh. As we (4, 5, 9) have previously shown, Hsp90 antagonism with GA diminished dilation responses to ACh in PRAs from both age groups of (normoxic) control piglets (Fig. 3, A and C) . There was minimal dilation in response to ACh in PRAs from both groups of chronically hypoxic piglets (Fig. 3, B and D) . Interestingly, in PRAs from both groups of chronically hypoxic piglets, Hsp90 antagonism with GA enhanced dilation to ACh (Fig. 3, B and D) .
Given the reported redox-cycling properties of GA, we considered the possibility that the effect of Hsp90 antagonism on ACh responses could be due, at least in part, to influences from ROS. To evaluate this possibility, vessels were treated with a combination of agents to remove ROS, including the cell-permeable SOD mimetic M-40403, which dismutates O 2 ·Ϫ to H 2 O 2 , and the H 2 O 2 -decomposing enzyme PEG-CAT, which converts H 2 O 2 to H 2 O (Fig. 4, A-D) . In vessels from control piglets of both age groups, GA inhibited ACh-stimulated dilation to a similar extent in the presence (Fig. 4 , A and C) and absence (Fig. 3 , A and C) of agents to remove ROS. Likewise, the GA-mediated enhancement of ACh-induced dilation in PRAs from both groups of chronically hypoxic piglets persisted in the presence of M-40403 and PEG-CAT (Fig. 4 , B and D) and was similar to the results in the presence of GA alone (Fig. 3, B and D) .
We reasoned that the ability of the Hsp90 inhibitor GA to enhance ACh-induced dilation in PRAs of chronically hypoxic piglets could be due to an augmented production of dilators or impaired production of constrictors. We (9, 12, 14) have previously shown that prostanoids are involved in aberrant ACh-mediated responses in PRAs from hypoxic piglets. We therefore investigated whether Hsp90 forms a complex with Fig. 4 . ACh-induced dilation in untreated arteries and arteries treated with a combination of the Hsp90 antagonist GA, the SOD mimetic M-40403, and the H2O2-decomposing agent polyethylene glycol-catalase (PEG-CAT) from piglets raised in normoxia for 3 days (A; n ϭ 6 untreated arteries and 6 treated arteries), hypoxia for 3 days (B; n ϭ 8 untreated arteries and 8 treated arteries), normoxia for 10 days (C; n ϭ 6 untreated arteries and 6 treated arteries), and hypoxia for 10 days (D; n ϭ 17 untreated arteries and 16 treated arteries). Data are expressed as percent dilation of contraction elicited by either U-46619 or endothelin. All values are means Ϯ SE. *Significantly different from the concentration-response curve in untreated arteries (P Ͻ 0.05 by the linear mixed effects model).
the prostanoid synthases PGIS and/or TXAS and evaluated whether these complexes are regulated in an agonist-dependent manner. As shown in Fig. 5 , A and B, we found that Hsp90 and PGIS coimmunoprecipitated in PRAs. The amount of PGIS bound to Hsp90 was unchanged with exposure to either 3 or 10 days of hypoxia compared with age-matched controls (Fig. 6,  A and B) . The presence or absence of the Hsp90 antagonist GA did not influence the amount of PGIS that coimmunoprecipitated with Hsp90 in reponse to ACh stimulation in PRAs from any of the four groups of piglets (Fig. 7, A-D) .
As shown in Fig. 8, A and B, we also found that Hsp90 and TXAS coimmunoprecipitated in piglet PRAs. In PRAs from piglets exposed to 3 days of hypoxia, there was significantly less coimmunoprecipitation between Hsp90 and TXAS than was observed in comparable-age control piglets (Fig. 9A) ; this effect of hypoxia on Hsp90 binding to TXAS was not seen when hypoxia was extended to 10 days (Fig. 9B ). Similar to our findings with PGIS, ACh had no effect on Hsp90-TXAS coimmunoprecipitation in the presence or absence of GA in any of the four groups of piglets (Fig. 10 ).
Consistent with current understanding of Hsp90 function (19, 41) , we reasoned the Hsp90 may modulate PGIS and TXAS function without altering the amount of enzyme bound to Hsp90. Therefore, we evaluated whether Hsp90 antagonism alters the ACh-induced production of PGI 2 and/or TXA 2 . In all four groups of piglets, PGI 2 production was greater in ACh-stimulated PRAs than in vehicle-treated PRAs ( Table 1 ). The greatest increase in PGI 2 was seen in ACh-stimulated PRAs from the older control group. Notably, treatment with GA inhibited the ACh-induced increase in PGI 2 in PRAs from all four groups of piglets (Table 1) . With the exception of the older group of control piglets, TXA 2 production was also greater in ACh-stimulated PRAs than in vehicle-treated PRAs (Table 1) . Likewise, the AChinduced increase in TXA 2 production was inhibited by treatment with GA ( Table 1) .
As the ratio of dilator to constrictor prostanoids can impact vascular responses, we compared the ratio of 6-keto-PGF 1␣ to TXB 2 in vehicle-and GA-treated PRAs (Table 1) . In vehicle-treated PRAs from the 3-day control group, the 6-keto-PGF 1␣ -to-TXB 2 ratio decreased after ACh stimulation, i.e., there was an ACh-induced shift away from the dilator PGI 2 . In PRAs from the 10-day control group, the 6-keto-PGF 1␣ -to-TXB 2 ratio increased after ACh stimulation in vehicle-treated PRAs, i.e., there was an ACh-induced shift toward the dilator PGI 2 . This is due to the failure of ACh stimulation to increase TXB 2 production combined with the dramatic increase in PGI 2 production in PRAs from this group of piglets (Tables 1). Notably, in both groups of control piglets, the ratio of 6-keto-PGF 1␣ to TXB 2 did not change with ACh stimulation in GA-treated PRAs (Table 1) . Thus, after GA treatment, the ACh-induced shift toward the dilator PGI 2 in the 10-day normoxic group was inhibited. In vehicle-treated PRAs from hypoxic piglets, the ratio of 6-keto-PGF 1␣ to TXB 2 was similar before and after ACh stimulation. In GA-treated PRAs from the 3-day but not the Fig. 5 . Coimmunoprecipitation of Hsp90 with prostacyclin synthase (PGIS) for PRA homogenates from a piglet raised in normoxia for 3 days. Different amounts of total protein were immunoprecipitated with anti-Hsp90 or an isotype-specific IgG (A) or with anti-PGIS or an isotype-specific IgG (B). The resultant immunoprecipitates were subjected to immunoblot analysis using antibodies against PGIS and Hsp90.
ϩ PGIS obtained from Cayman Chemicals, which was used as a positive control. Fig. 6 . Coimmunoprecipitation of Hsp90 with PGIS for PRAs from piglets raised in normoxia or hypoxia for 3 days (A) or 10 days (B). PRA protein homogenates (n ϭ 5 different piglets in each group) were immunoprecipitated with anti-Hsp90, and the resultant immunoprecipitates were subjected to immunoblot analysis using antibodies against PGIS and Hsp90. Summary densitometric data show no differences in PGIS/Hsp90 coimmunoprecipitation for PRAs from hypoxic versus comparable-age control groups.
10-day hypoxic piglets, the ratio of 6-keto-PGF 1␣ to TXB 2 increased with ACh stimulation, favoring the dilator PGI 2 . Thus, the effect of GA on ACh-induced prostanoid production could contribute to the blunted dilator response to ACh found in the 10-day group of normoxic piglets (Fig. 3C) and to the enhanced dilator response to ACh found in the 3-day group of hypoxic piglets (Fig. 3B) .
Because the impact on prostanoid production did not explain the effect of GA on ACh responses in all groups of piglets, we next explored that possibility that GA might alter PRA functional responses to PGI 2 and/or TXA 2 . As shown in Fig. 11 , A-D, constrictor responses to exogenous administration of the thromboxane mimetic U-46619 were diminished by treatment with GA in PRAs from all groups of piglets. Moreover, although dilation to exogenous PGI 2 was not altered in PRAs from either group of control piglets (Fig. 12, A and  C) , dilation to PGI 2 was augmented by treatment with GA in PRAs from both groups of hypoxic piglets (Fig. 12, B and  D) . Thus, altered responsiveness to endogenous PGI 2 and TXA 2 could contribute to the enhanced ACh-induced dilator responses found in GA-treated PRAs in both groups of chronically hypoxic piglets.
We performed an additional series of experiments to further evaluate whether prostanoids contribute to the effect of the Hsp90 inhibitor GA on ACh responses. We reasoned that the enhanced ACh-induced dilation in GA-treated PRAs from chronically hypoxic piglets and the reduced AChinduced dilation in GA-treated PRAs from normoxic control piglets (Fig. 3) would be lost in the presence of indomethacin if prostanoids contributed significantly to these effects. As shown in Fig. 13 , A and C, in both groups of normoxic D) . PRA protein homogenates were immunoprecipitated with anti-Hsp90 (A, 3-day normoxic piglets, n ϭ 8 vehicle-treated piglets and 8 GA-treated piglets; B, 3-day hypoxic piglets, n ϭ 4 vehicle-treated piglets and 4 GA-treated piglets; C, 10-day normoxic piglets, n ϭ 4 vehicle-treated piglets and 4 GA-treated piglets; and D, 10-day hypoxic piglets, n ϭ 4 vehicle-treated piglets and 4 GA-treated piglets). The resultant immunoprecipitates were subjected to immunoblot analysis using antibodies against PGIS and Hsp90. The summary densitometric data show that ACh stimulation had no effect on the coimmunoprecipitation of PGIS with Hsp90 for untreated and GA-treated PRAs from any group of piglets. Fig. 8 . Coimmunoprecipitation of Hsp90 with thromboxane synthase (TXAS) for PRA homogenates from a piglet raised in normoxia for 3 days. Different amounts of total protein were immunoprecipitated with anti-Hsp90 or an isotype-specific IgG (A) or with anti-TXAS or an isotype-specific IgG (B). The resultant immunoprecipitates were subjected to immunoblot analysis using antibodies against TXAS and Hsp90. ϩPlatelet lysate used as a positive control for TXAS. piglets, diminished responses to ACh persisted in GAtreated vessels in the presence of indomethacin. In the 3-day group of hypoxic piglets, responses to ACh were only slightly augmented in GA-treated vessels in the presence of indomethacin (Fig. 13B) ; in the 10-day group of hypoxic piglets, indomethacin abolished the GA-mediated augmentation of ACh-induced dilation (Fig. 13D) . These findings support a prostanoid contribution to the enhanced dilator response to ACh found in GA-treated PRAs of chronically hypoxic piglets.
Since prostanoids are arachidonic acid metabolites, we also evaluated the possibility that Hsp90 inhibition modulates responses to arachidonic acid. We found that Hsp90 antagonism with GA altered responses to arachidonic acid in vessels from all groups of piglets (Fig. 14, A-D) . In PRAs from both groups of control piglets (Fig. 14, A and C) , treatment with the Hsp90 antagonist diminished dilation responses to arachidonic acid. In PRAs from both groups of chronically hypoxic piglets, Hsp90 antagonism with GA enhanced dilation to arachidonic acid (Fig. 14, B and D) . Hence, similar to findings with ACh (Fig. 3, A-D) , the influence of Hsp90 antagonism with GA on arachidonic acid responses differs between normotensive and hypertensive vessels.
We also evaluated a potential contribution from ROS to the GA-mediated effects on arachidonic acid responses. For these experiments, vessels were treated with a combination of M-40403 and PEG-CAT (Fig. 15, A-D) . Compared with untreated vessels, the response to arachidonic acid was diminished in the 10-day group of control arteries treated with a combination of GA, M-40403, and PEG-CAT, whereas the response to arachidonic acid was augmented in both groups of hypoxic arteries treated with GA, M-40403, and PEG-CAT.
We next determined whether the altered responses to arachidonic acid in GA-treated vessels were due to an effect on arachidonic acid-induced production of prostacyclin and/or thromboxane. As expected, the substrate arachidonic acid markedly increased the production of both prostacyclin and thromboxane (Table 2) in PRAs from all groups of piglets. However, unlike the agonist ACh, inhibition of Hsp90 with GA had no effect on arachidonic acid-stimulated production of either prostacyclin or thromboxane in PRAs from any group of piglets (Table 2) . Thus, the impact of GA treatment on arachidonic acid responses cannot be attributed to altered production of prostacyclin and thromboxane in any group of piglets. However, altered responsiveness to endogenous PGI 2 and TXA 2 (Figs. 11, B and D, and 12 , B and D) likely contributes to the altered arachidonic acid-induced responses found in GA-treated PRAs in both groups of hypoxic piglets.
DISCUSSION
In this investigation, we report a number of novel findings elucidating the role of protein complex interactions with the chaperone protein Hsp90 in the newborn pulmonary circulation. In addition to expanding on our knowledge of Hsp90-eNOS interactions in a model of postnatal chronic hypoxiainduced pulmonary hypertension, we report, for the first time, coimmunoprecipitation of Hsp90 with PGIS and TXAS and identify several potential sites in the arachidonic acid-prostanoid signaling pathway that could be targeted by inhibitors of Hsp90.
Hsp90 interactions with eNOS. The interaction between Hsp90 and eNOS has been shown by us and other investigators (4, 16 -18, 27, 29, 30, 32) to regulate eNOS activation and NO generation in a number of vascular beds, including the pulmonary circulation. In this study, we report, for the first time, that both basal and ACh-mediated interactions between Hsp90 and its client protein, eNOS, are impaired in PRAs of newborn piglets with pulmonary hypertension caused by either 3 or 10 days of exposure to chronic hypoxia. In studies in control piglets, we (4, 5) previously showed that GA, an Hsp90 antagonist that binds to the Hsp90 ATP-binding site, inhibits ACh-induced increases in Hsp90-eNOS association and impairs PRA dilation to ACh. The present study confirms these findings, once again highlighting the functional relevance of Hsp90-eNOS interactions in the normoxic pulmonary circulation in the first few weeks of postnatal life.
The contributions of impaired Hsp90-eNOS interactions to aberrant regulation of pulmonary vascular tone is receiving increasing attention. Basal Hsp90-eNOS interactions were diminished in peripheral lung tissue of lambs with shunt-induced Fig. 9 . Coimmunoprecipitation of Hsp90 with TXAS for PRAs from piglets raised in normoxia or hypoxia for 3 days (A) or 10 days (B). PRA protein homogenates (n ϭ 5 different piglets in each group) were immunoprecipitated with anti-Hsp90, and the resultant immunoprecipitates were subjected to immunoblot analysis using antibodies against TXAS and Hsp90. Summary densitometric data show less TXAS/Hsp90 coimmunoprecipitation for PRAs from piglets raised in hypoxia versus normoxia for 3 days (A; *P Ͻ 0.05 by unpaired t-test) but no differences in TXAS/Hsp90 coimmunoprecipitation for PRAs from piglets raised in hypoxia versus normoxia for 10 days (B).
(increased blood flow) pulmonary hypertension (31, 33) . Both basal and agonist-stimulated increases in Hsp90-eNOS interactions were reduced in pulmonary arteries of fetal lambs with pulmonary hypertension caused by in utero ligation of the ductus arteriosus (22, 23) and in pulmonary arteries of adult rats with pulmonary hypertension induced by 1-3 wk of exposure to chronic hypoxia (26) . Also of interest, the coimmunoprecipitation of Hsp90 and eNOS was diminished in pulmonary artery endothelial cells from adult pigs cultured under hypoxic conditions (32) . In addition to these findings by others, we now report that both basal and ACh-induced interactions between Hsp90 and eNOS are impaired in PRAs of piglets with pulmonary hypertension due to either 3 or 10 days of exposure to hypoxia.
Our new data shed light on some of our previous findings. In particular, we (9, 10, 13) have previously shown that lungs and PRAs from newborn piglets exposed to 10 days of hypoxia demonstrate impaired basal and ACh-induced NO signaling. These alterations in pulmonary vascular NO signaling could not be attributed to reduced expression of either eNOS or Hsp90 (9) . Our new findings suggest that posttranslational impairments in the protein-protein interaction between eNOS and Hsp90 underlie, at least in part, the reduced basal and agonist-induced NO production and function in the hypertensive pulmonary circulation of piglets exposed to 10 days of hypoxia.
We have previously reported that impairments in pulmonary vascular NO signaling differ depending on the length of in vivo exposure to chronic hypoxia. Specifically, unlike piglets exposed to 10 days of hypoxia, we (9, 10, 37) previously found no evidence that basal pulmonary vascular NO function is impaired in piglets exposed to hypoxia for only 3 days. Thus, our finding of reduced basal Hsp90-eNOS interactions in PRAs of piglets exposed to 3 days of hypoxia was unanticipated. It is possible that the shorter duration of in vivo hypoxia caused a degree of NO signaling impairment that was too small to be detected by the methodology used in our previous studies (9, 10, 37) . However, it is also possible that despite impaired basal Hsp90-eNOS interactions, basal pulmonary vascular NO signaling is preserved after this shorter duration of hypoxic exposure. A mechanism for this latter possibility is provided by the recent finding that high biopterin (BH 4 ) levels could offset the impact of diminished Hsp90-eNOS interactions on eNOS activity in a study (39) in cultured bovine aortic endothelial cells. Thus, it is possible that PRAs of piglets exposed to 3 days of hypoxia have sufficient BH 4 to sustain basal NO production in the face of reduced Hsp90-eNOS interactions. This possi- D) . PRA protein homogenates were immunoprecipitated with anti-Hsp90 (A, 3-day normoxic piglets, n ϭ 7 vehicle-treated piglets and 7 GA-treated piglets; B, 3-day hypoxic piglets, n ϭ 6 vehicle-treated piglets and 6 GA-treated piglets; C, 10-day normoxic piglets, n ϭ 7 vehicle-treated piglets and 7 GA-treated piglets; and D, 10-day hypoxic piglets, n ϭ 8 vehicle-treated piglets and 8 GA-treated piglets). The resultant immunoprecipitates were subjected to immunoblot analysis using antibodies against TXAS and Hsp90. The summary densitometric data show that ACh stimulation had no effect on the coimmunoprecipitation of TXAS with Hsp90 for untreated and GA-treated PRAs from any group of piglets.
bility has yet to be explored in an in vivo model of pulmonary hypertension.
In both this and previous studies, we have shown that pulmonary vascular responses to the NO-dependent agonist ACh are impaired in piglets exposed to 3 days of hypoxia. Moreover, in contrast to our previously reported findings in comparable-age control piglets, ACh failed to increase eNOSHsp90 interactions in PRAs from both groups of chronically hypoxic piglets. It seems likely that the lack of agonist-induced enhancement of eNOS-Hsp90 interactions could contribute to impaired pulmonary vascular responses to NO-dependent agonists during exposure to 3 or 10 days of hypoxia. Values are means Ϯ SD; n ϭ 8 pulmonary resistance arteries (PRAs)/group. TXB2, thromboxane B2; GA, geldanamycin. *Significantly different from vehicle-treated or GA-treated PRAs under basal conditions (P Ͻ 0.05 by paired t-test). Fig. 11 . Change in diameter to cumulative concentrations of the thromboxane mimetic U-46619 for untreated and GA-treated arteries from piglets raised in normoxia for 3 days (A; n ϭ 5 untreated arteries and 5 treated arteries), hypoxia for 3 days (B; n ϭ 7 untreated arteries and 7 treated arteries), normoxia for 10 days (C; n ϭ 6 untreated arteries and 6 treated arteries), and hypoxia for 10 days (D; n ϭ 7 untreated arteries and 6 treated arteries). All values are means Ϯ SE. *Significantly different from the concentrationresponse curve in untreated arteries (P Ͻ 0.05 by the linear mixed effects model).
Hsp90 and the prostanoid signaling pathway. Another important finding in this study was that GA treatment augmented dilation to ACh in preconstricted PRAs of both groups of chronically hypoxic piglets. We (9) have previously reported that two Hsp90 antagonists, GA and the macrocyclic antifungal radicicol, diminished the dilator response to ACh in PRAs from normoxic control piglets and abolished the constriction to ACh in PRAs from chronically hypoxic piglets when studied at basal tone. Findings in this study performed at elevated tone confirmed a differential impact of Hsp90 antagonism on vascular reactivity in vessels from normoxic and hypoxic piglets.
To our knowledge, we are the first to evaluate the effect of an Hsp90 antagonist on functional responses in the pulmonary circulation of animals with pulmonary hypertension. Our findings in both this and our previous study were surprising because Hsp90 anatagonism should reduce agonist-induced NO production, leading to diminished, not augmented, dilation to ACh. Because of possible redox-cycling properties of GA, it was important to assess the possible contribution from ROS generated by this compound. Mitigating this possibility, we (8, 15) previously found that removal of superoxide and H 2 O 2 enhanced dilation to ACh in hypoxic arteries. Therefore, any superoxide or H 2 O 2 generated by GA would be expected to enhance constriction, not augment dilation, to ACh. Moreover, in this study, we found that the ability of GA to enhance dilation to ACh in hypoxic arteries persisted despite treatment with compounds that remove superoxide and H 2 O 2 . It must be acknowledged that peroxynitrite formation may not be prevented by these ROS-removing compounds and that peroxynitrite could cause differential effects in normoxic and hypoxic vessels. However, we (9) also previously found that treatment with radicicol, an Hsp90 antagonist that does not redox cycle, had the same effect on ACh responses as GA. Thus, it is highly unlikely that ROS, including peroxynitrite, explain the GAenhanced dilation to ACh found in both groups of hypoxic vessels.
We reasoned that increased dilation to ACh could occur if Hsp90 antagonism influenced the synthesis or responses to vasoactive substances other than NO, particularly in a circulatory bed in which NO signaling was already impaired. Given the recognized role of the prostanoid pathway in pulmonary vascular responses and because of our previous evidence implicating these arachidonic acid metabolites in chronic hypoxia-induced pulmonary hypertension (12, 14) , we examined the effect of Hsp90 antagonism on the ACh-stimulated synthesis of PGI 2 and TXA 2 .
We found that ACh increases the production of PGI 2 in all groups of piglets but most potently in the 10-day control group. ACh also stimulated TXA 2 production in all but the 10-day control group of piglets. It thus appears that for the older group of control piglets, in addition to augmenting NO production, ACh stimulates an increase in the ratio of dilator to constrictor prostanoids that could contribute to the robust dilation to ACh in vehicle-treated PRAs in this age group. A greater reliance on the NO signaling pathway than the prostanoid pathway could explain why PRAs from the younger group of control piglets exhibited robust dilation to ACh despite a reduction in the ratio of dilator to constrictor prostanoid production. In the case of both groups of hypoxic piglets, the failure of ACh to alter the dilator-to-constrictor prostanoid ratio, in the face of impaired NO signaling, provides an explanation for the extremely poor dilator response to ACh in vehicle-treated PRAs. Fig. 12 . Change in diameter to cumulative concentrations of prostacyclin (PGI2) for untreated and GA-treated arteries from piglets raised in normoxia for 3 days (A; n ϭ 8 untreated arteries and 8 treated arteries), hypoxia for 3 days (B; n ϭ 6 untreated arteries and 6 treated arteries), normoxia for 10 days (C; n ϭ 6 untreated arteries and 6 treated arteries), and hypoxia for 10 days (D; n ϭ 6 untreated arteries and 6 treated arteries). Data are expressed as percent dilation of contraction elicited by either U-46619 or endothelin. All values are means Ϯ SE. *Significantly different from the concentration-response curve in untreated arteries (P Ͻ 0.05 by the linear mixed effects model).
An important new finding in this study is that GA treatment reduced the ACh-induced production of PGI 2 in PRAs from all groups of piglets and simultaneously also reduced TXA 2 production in all but the 10-day control group. To our knowledge, we are the first to report that agonist-induced PGI 2 and TXA 2 production are inhibited by an Hsp90 antagonist. However, we are not the first to evaluate the possibility that Hsp90 regulates the production of an arachidonic acid metabolite. Tanoika et al. (36) reported that cytosolic PGE 2 synthase (cPGES) was identical to p23, a known binding partner of Hsp90. Hence, their finding that cPGES associates with Hsp90 in cultured rat fibroblasts was not surprising (21, 35) . The same investigators also found that the association of cPGES and Hsp90 increased with agonist stimulation; the agonist-induced increase in cPGESHsp90 association was inhibited by Hsp90 antagonists (35) , and changes in the production of PGE 2 mirrored the changes in cPGES-Hsp90 association (21, 35) .
In the present, we add to Tanioka et al.'s findings and show, for the first time, that Hsp90 coimmunoprecipitates with two other prostanoid enzymes, PGIS and TXAS. Hsp90 functions as a part of a multichaperone complex via association with a variety of cochaperones (including p23) to influence the activity and stability of numerous proteins (19, 41) . Our findings demonstrate that PGIS and TXAS are part of a multiprotein complex that includes Hsp90; we further show that agonist-induced prostanoid synthesis is altered in the presence of an Hsp90 antagonist that interferes with its ATP conformational state. However, unlike PGES (35), agonist-mediated regulation of PGIS and TXAS enzymatic activity was not associated with changes in the amount of complex formation with Hsp90. Assessment of the amount of complex formation between Hsp90 and a protein, however, does not evaluate whether the protein is being held in an ATP or ADP conformation, which influences protein folding and chaperone function. Thus, despite no change in the amount of Hsp90 that complexes with PGIS and TXAS, Hsp90 may still be modulating the function of these prostanoid synthases. Investigations into the regulatory and structural relationships between Hsp90 and these prostaglandin synthases should prove to be a fruitful area for further study.
In both groups of control vessels, the Hsp90 antagonist GA reduced dilator responses to ACh and inhibited agonistinduced PGI 2 production. Moreover, by preventing an increase in the ratio of dilator to constrictor prostanoid production, GA contributed to the blunted dilator responses to ACh found in the 10-day group of control piglets. In both groups of hypoxic vessels, GA enhanced dilator responses to ACh. This could be explained, at least in part, by a shift in the ratio of dilator to constrictor prostanoid production in vessels from the 3-day hypoxic piglets. However, a GAmediated effect on the ratio of dilator to constrictor prostanoid production does not explain findings in either the 3-day group of control piglets or the 10-day group of hypoxic piglets. Therefore, we explored other sites in the arachidonic acid-prostanoid signaling pathway that might help explain these findings.
Another important finding in this study is that GA decreases vascular responses to exogenous thromboxane in arteries from both control and hypoxic piglets. In control arteries, where GA inhibits ACh-mediated dilator responses, the impact from inhibiting NO production appears to predominate over the diminished constrictor response to TXA 2 . The persistence of diminished ACh-induced dilator responses in GA-treated con- Fig. 13 . ACh-induced dilation in untreated arteries and arteries treated with a combination of the Hsp90 antagonist GA and the prostanoid inhibitor indomethacin from piglets raised in normoxia for 3 days (A; n ϭ 13 untreated arteries and 6 treated arteries), hypoxia for 3 days (B; n ϭ 12 untreated arteries and 14 treated arteries), normoxia for 10 days (C; n ϭ 19 untreated arteries and 20 treated arteries), and hypoxia for 10 days (D; n ϭ 14 untreated arteries and 14 treated arteries). Data are expressed as percent dilation of contraction elicited by either U-46619 or endothelin. All values are means Ϯ SE. *Significantly different from the concentration-response curve in untreated arteries (P Ͻ 0.05 by the linear mixed effects model).
trol arteries in the presence of indomethacin also suggests that loss of NO production from Hsp90 antagonism predominates over any influence on prostanoid signaling in normoxic conditions. In hypoxic arteries, GA both inhibits constriction to thromboxane and increases dilator responses to exogenous prostacyclin. These effects on vasoreactivity provide a mechanistic explanation for the enhanced dilation response in GAtreated hypoxic arteries to the agonist ACh. Moreover, the finding in the 10-day hypoxic group that the enhanced dilation to ACh in GA-treated hypoxic arteries was abolished by indomethacin also supports the role of prostanoids as a target for Hsp90 antagonism in hypertensive vessels.
Additional support that arachidonic acid metabolites are a target for Hsp90-mediated modulation of vascular signaling is provided by our findings that GA alters arachidonic acid responses in arteries from all groups of piglets. The sites in the arachidonic acid signaling pathway that are modulated by Hsp90 are not yet known. Our findings point to several possibilities that will require further investigation. For example, the failure of GA to alter arachidonic acid-induced PGI 2 and TXA 2 production suggests that a site upstream from arachidonic acid release is a potential target of action for the Hsp90 inhibitor. This upstream inhibition of arachidonic acid release would explain the ability of GA to inhibit the ACh-induced production of both PGI 2 and TXA 2 . Consistent with this possibility, other investigators (34) recently reported that GA inhibits the ability of human peripheral mononuclear cells to release arachidonic acid in response to stimulation with either PMA or the combination of PMA and the Ca 2ϩ ionophore A-23187. Our findings that GA altered dilation to exogenous prostacyclin and constriction to exogenous thromboxane suggests that yet other sites of arachidonic acid signaling could be modulated by Hsp90. For example, thromboxane causes constriction, at least in part, via the activation of Rho kinase (7, 25) . It is not currently known whether Hsp90 modulates the activity of any of the proteins in this Rho kinase signaling pathway in pulmonary vascular smooth muscle cells. However, findings of others (2, 3) with other cell lines are supportive of this possibility.
Conclusions. In summary, we found that Hsp90-eNOS binding was disrupted in PRAs from chronically hypoxic piglets. This impaired interaction between Hsp90 and eNOS could contribute to the NO signaling abnormalities that we have previously identified in the pulmonary circulation of chronically hypoxic newborn piglets. Our findings continue to support the notion that when Hsp90 and eNOS interactions are intact, i.e., in PRAs from control piglets, Hsp90 antagonism will interfere with NO-dependent, agonist-induced responses, limiting dilation. Of importance, we also show that the effect of an Hsp90 antagonist on NO-dependent, agonist-induced responses differs between normoxic and hypoxic vessels. Moreover, arachidonic acid signaling pathways are also impacted differently by pharmacological antagonism of Hsp90 in hypoxic and normoxic vessels. Thus, our findings suggest that the impact of pharmacological antagonism of Hsp90 on at least two signaling pathways is altered during chronic hypoxia. These findings raise the possibility that manipulating Hsp90 function could have very different effects in the normal, normoxic situation than in conditions of hypoxia-related pulmonary hypertension. It is important to note that our findings may not be relevant to hypoxia during the fetal period or to the failure of the normal postnatal decline in pulmonary vascular resistance that occurs during the first few hours of life. Rather, our findings have physiological relevance for the postnatal Fig. 14 . Arachidonic acid-induced dilation in untreated arteries and arteries treated with the Hsp90 antagonist GA from piglets raised in normoxia for 3 days (A; n ϭ 10 untreated arteries and 10 treated arteries), hypoxia for 3 days (B; n ϭ 9 untreated arteries and 9 treated arteries), normoxia for 10 days (C; n ϭ 13 untreated arteries and 6 treated arteries), and hypoxia for 10 days (D; n ϭ 14 untreated arteries and 10 treated arteries). Data are expressed as percent dilation of contraction elicited by either U-46619 or endothelin. All values are means Ϯ SE. *Significantly different from the concentrationresponse curve in untreated arteries (P Ͻ 0.05 by the linear mixed effects model).
development of pulmonary hypertension that occurs in newborns who suffer from chronic conditions associated with exposure to alveolar hypoxia, such as occurs in underventilated lung regions of infants with chronic lung disease. Our findings point to the possibility that augmenting Hsp90 function would exacerbate, not ameliorate, pulmonary vasoconstriction in the pulmonary circulation of newborns with established pulmonary hypertension. Thus, further investigation is warranted before attempts to enhance Hsp90 function, as has been suggested (33) , is used as a therapeutic maneuver to treat established postnatally acquired pulmonary hypertension in newborns suffering from conditions associated with postnatal chronic hypoxia.
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